Introduction
Aging is a natural process for every living organism. The trouble here is increased health problems as a result of aging. Aging is a dominant risk factor for cardiovascular diseases and is associated with progressive vascular dysfunction (Herrera et al., 2010; Laurent, 2012) . Many studies reported a sex difference in age-associated vascular changes (Sarabi et al., 1999; Sader and Celermajer, 2002; Okumura et al., 2011) . Celermajer et al. (1994) showed that age-related impairment in endothelial function appeared to occur earlier in males than in females. Different regulation of endothelial function is one of the main mechanisms underlying the variation in age-associated vascular changes in females and males (Sarabi et al., 1999) . However, the underlying mechanisms of sex-dependent alterations in endothelial function remain to be investigated.
Endothelium-derived NO plays a key role in the regulation of vascular homeostasis (Moncada et al., 1991) . The capacity of NO release is considered to be a major indicator of endothelial function. Vascular aging characterized by endothelial dysfunction is associated with reduced NO bioavailability and increased generation of reactive oxygen species (ROS). ROS combine with NO and produce deleterious free radicals, leading to endothelial dysfunction (Heitzer et al., 2001; Tsimakis, 2006; El Assar et al., 2013; Rochette et al., 2013) . ADMA is an endogenous competitive inhibitor of NO synthase and an increase in ADMA is associated with impairment of NO synthesis (Bouras et al., 2013; Sverdlov et al., 2014) . It has been reported that plasma concentrations of ADMA increase in elderly people and in postmenopausal women (Schulze et al., 2005) . H 2 S is acknowledged as an important gaseous signaling molecule (Kolluru et al., 2013) . It has been revealed that H 2 S is an endogenous regulator of oxidative damage and aging in C. elegans (Qabazard et al., 2014) . However, the relationship between these molecules and endothelial function in the aging process is still largely unknown.
Recent studies have focused on epigenetic changes that occur as a hallmark of aging (Brunet and Berger, 2014) .
These epigenetic modifications that include changes in DNA methylation, histone modifications, and alterations in microRNA profiles seem to be a signature of aging. Histone methylation is an epigenetic modification known to be involved in the aging process (McCauley and Dang, 2014) . Insight into the epigenetic modifications involved in the aging process may provide new tools for the development of diagnostic, preventive, and therapeutic strategies to treat aging-related diseases. Further investigations are needed to elucidate the epigenetic modification of vessel walls in age-related endothelial dysfunction.
Several biomarkers have already been suggested for the monitoring of the progression of endothelial dysfunction. However, no biomarkers have yet been accepted for endothelial dysfunction in the aging process. If some biomarkers could be shown to be associated with the endothelial function in aging, therapeutic and preventive approaches might be beneficial in slowing down agerelated disease progress. In addition to diagnosis, biomarkers for endothelial dysfunction might also help to reveal the stage of pathology and the appropriate treatment strategy in a sex-dependent manner. However, to the best of our knowledge, there has been no study examining the relationship between age, sex, and blood biomarkers of endothelial dysfunction and epigenetic changes of vessels in the aging process. In the present study, age-related changes in function of vascular endothelium, epigenetic modifications of vessels, and levels of blood biomarkers related to endothelial functions (NO, ADMA, TAC, and H 2 S) were examined in female and male rats.
Materials and methods

Animal care
All animal experiments were approved by the Local Ethics Committee for Animal Care and Use of Ankara University. Female and male Wistar albino rats (1, 3, 6, and 12 months old) were obtained from the Laboratory Animal Service of Ankara University. The rats were synchronized to 12-h light/dark cycle at a stable temperature (24 ± 1 °C) and had free access to food and water.
Tissue isolation and assessment of functions
The animals were anesthetized with thiopental sodium (40 mg/kg, IP) and blood samples were collected. The thoracic aortas were rapidly removed and cleaned of fat and connective tissues. Then 3-4 mm ring segments of the thoracic aorta were mounted in the isolated tissue baths. The baths were filled with Krebs buffer solution (composition in mM: 112 NaCl, 5 KCl, 1.2 NaH 2 PO 4 , 11.5 dextrose, 0.5 MgCl 2 , 2.5 CaCl 2 , and 25 NaHCO 3 ; pH 7.4) that was simmered continuously with a 95% O 2 and 5% CO 2 mixture and warmed (37 °C). The rings were stretched to 2 g of resting tension. The changes in isometric tension were recorded by an isometric force- -5 M) was obtained in the presence of 10 -6 M phenylephrine submaximal contraction.
Biochemical examination
Plasma NO levels were measured spectrophotometrically using the Navarro-Gonzálvez method based on the Griess reaction, involving a shortened incubation period of nitrate with cadmium (Navarro-Gonzálvez et al., 1998) . This method was modified in our laboratories for 96-well plates. The TAC of plasma was measured with the method described previously (Usanmaz and Demirel Yilmaz, 2008) , based on the reduction of Cu 2+ to Cu 1+ by the antioxidants of plasma. Neocuproine (Nc) was used as a chromogenic agent and the color of the formed colored complex (Nc-Cu 1+ ) was detected spectrophotometrically at 455 nm.
H 2 S levels of human plasma were measured spectrophotometrically, according to the previously described method based on the measurements of the absorbance of the colored product (methylene blue), produced as a result of the chemical reaction between N,N-dimethyl-p-phenylenediamine and FeCl 3 at 670 nm (Zhang et al., 2008) .
For the measurements of ADMA levels, ELISA kits from Immundiagnostik A.G. (Bensheim, Germany) were used according to the manufacturer's instructions.
Histone protein isolation
Histone proteins were isolated from the frozen rat thoracic aorta using an EpiQuik Total Histone Extraction Kit (Epigentek, Farmingdale NY, USA) according to the manufacturer's protocol. Briefly, after pooling, all samples were homogenized in 1X pre-lysis buffer. The resulting homogenates were centrifuged at 3000 rpm for 5 min at 4 °C. After removing the supernatant, the pellets were resuspended in lysis buffer and incubated on ice for 30 min. Further centrifugation was performed at 12,000 rpm for 5 min at 4 °C and the supernatant for each pooled group containing histone proteins was kept after mixing with balance-DTT buffer.
Western blotting (SDS-polyacrylamide gel electrophoresis (SDS-PAGE))
Total histone proteins were separated in 15% SDS-PAGE and transferred to a PVDF membrane. The membrane was blocked with bovine serum albumin blocking solution either for 2 h at room temperature or overnight at 4 °C on a shaker. Primary antibody (H3K27me2, H3K27me3, H3K36me2, H3K36me3, H4; Cell Signaling, Danvers, MA, USA) solution was prepared in blocking solution at 1:500 dilution and incubation was performed at room temperature for 2 h without shaking. H4 was used for equal loading control. After washing the membrane, antiRabbit-IgG-HRP (Cell Signaling) secondary antibody solution was prepared in blocking solution at 1:1000 dilution and applied for 1 h at room temperature. After removing the excess antibody by washing, SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Scientific, Rockford, IL, USA) was applied on top of the membrane for 3 min and placed in an X-ray film cassette and developed. Protein band intensities were quantified using ImageJ.
Statistical analysis
All values were expressed as mean ± SEM. Tissue relaxation responses were represented as a percentage of phenylephrine submaximal contractions. Repeatedmeasures of two-way ANOVA (post-hoc Bonferroni) was used to test differences between the groups of relaxations. One-way ANOVA (post-hoc Newman-Keuls multiple comparison test) was used to test differences between the groups of contractions and biochemical parameters. Differences between the female and male groups were evaluated with Student's t test. For all comparisons, differences were considered statistically significant at a value of P < 0.05.
Chemicals
All chemicals were obtained from Sigma Chemical Co (St Louis, MO, USA).
Results
Cumulative concentration-response curves were obtained for ACh (10 -5 -10 -8 M) in the thoracic aorta of the 1-, 3-, 6-, and 12-month-old male and female rats (Figure 1 ). The ACh-induced relaxations of vessels in the 1-monthold group were different from those in the 3-, 6-, and 12-month-old groups of female rats (P < 0.05). In the male rats, the ACh-induced relaxations were significantly different in the 1-and 6-month-old rats compared to those in the 3-and 12-month-old rats. The ACh relaxations in the 6-month-old group were different from those in the 1-month-old rats (P < 0.05) (Figure 1 ). Maximum response of sodium nitroprusside-induced (10 -5 M) endotheliumindependent relaxations was similar in the female and male groups (data not shown).
No alterations were observed in the contractions to KCl (90 mM) in the different age groups of the female rats. In the male rats, the KCl-stimulated contraction of the aorta increased in an age-dependent manner (P < 0.05) (Figure 2 ). Contractions in the oldest group (12 months old) were significantly higher than those in the 6-, 3-, and 1-month-old groups. The KCl contractions in the male 1-and 3-month-old groups were significantly lower than those in the female groups, and the male 12-month-old group contraction value was significantly higher than that in the female group (P < 0.05) (Figure 2) .
The plasma levels of NO were significantly decreased in the 12-month-old female rats compared to those in the younger age groups (P < 0.05) (Figure 3 ). In the male rats, the plasma levels of NO were significantly decreased in an age-dependent manner (P < 0.05) (Figure 3) . A decrease in ADMA levels was observed parallel with age in the 1-, 3-, Relaxat on (%) Figure 1 . Endothelium-dependent relaxation of thoracic aorta isolated from 1-, 3-, 6-, and 12-month-old female and male rats. ACh-induced endothelium-dependent relaxations were different in the female and male rats (P < 0.05). Differences at 1 month old (*), 6 months old (#), and 12 months old (+). Vasorelaxant responses are expressed as a percentage of submaximal contraction to phenylephrine (10-6 M). Values are expressed as mean ± SEM (n = 7-12).
and 6-month-old female rats (P < 0.05). In the male rats, the lowest ADMA level was observed in the 12-month-old group (P < 0.05). TAC levels in the female rats displayed biphasic alterations, increasing in the early stage of aging and then decreasing at 12 months. The plasma TAC level of the 1-month-old female rats was significantly lower than that of the other age groups (P < 0.05) (Figure 3 ). The plasma TAC levels of the male rats were significantly lower in the 6-and 12-month-old groups than in the 3-monthold group (P < 0.05) (Figure 3 ). All the TAC levels of the male rats were around the level of the 1-month-old female rats. The H 2 S levels of the female rats had a similar pattern to the TAC levels. The highest H 2 S levels of the female rats were measured in the 6-month-old females (P < 0.05) (Figure 3 ). In the male rats, the highest H 2 S level was in the 12-month-old group. In the female rats, there were negative correlations between ADMA and TAC, and ADMA and H 2 S, and a positive correlation between TAC and H 2 S (Table) . In the male rats, a positive correlation was determined between NO and TAC and a negative correlation between NO and H 2 S (Table) .
Total histone proteins in the aorta were isolated from both male and female rats in different age groups (1-, 3-, 6-, and 12-month-old). Tissue samples were pooled for each group to obtain sufficient protein. The quantitation of the band intensities was applied using H4 antibody as a loading control. Western blot results revealed that vessels isolated from the 12-month-old female rats had very high expressions of all the tested proteins, H3K27me2, H3K27me3, H3K36me2, and H3K36me3, compared to the other age groups of female and male animals. This increase was not observed in the aorta of the 12-monthold male rats. In both sexes, no difference was determined in the aorta of 1-, 3-, and 6-month-old animals (Figure 
4.Discussion
The results of the present study demonstrated that aging heterogeneously affects the functions and epigenetic modifications of vessels and blood biomarkers related to endothelial function (NO, TAC, H 2 S, and ADMA) in a sex-dependent manner.
Aging is recognized as an independent risk factor for the development of cardiovascular diseases (Ferrari et al., 2003) . Structural and functional changes in vessel walls occur during the aging process. Endothelium plays an important role in modulating vascular tone and structure mainly through the production and release of several active substances. It is generally assumed that decreased synthesis of NO derived from the endothelial cell is correlated with endothelial dysfunction. Age-related endothelial dysfunction is induced by a number of factors including impaired NO bioavailability, oxidative stress, and inflammation (Toda, 2012) . In numerous studies, it has been demonstrated that endothelium-dependent relaxation of vessels is impaired in elderly humans and animals (Egashira et al., 1993; Kung and Luscher, 1995; Chauhan et al., 1996; Gerhard et al., 1996; Kim et al., Figure 2. KCl (90 mM)-stimulated contraction of the thoracic aorta isolated from 1-, 3-, 6-, and 12-month-old female and male rats. Contractions to KCl were similar in all female groups. In male rats, contractions increased with age (P < 0.05).
Contractions were different in the female and male groups at the age of 1, 3, and 12 months old (P < 0.05). Differences from the same age female group (#). Values are expressed as mean ± SEM (n = 7-12). Table. Correlation of blood biomarkers. 2011). Aging-related blunted endothelium-dependent relaxation of vessels was reported in Wistar (Hongo et al., 1988; Matz et al., 2000) , Sprague Dawley (Csiszar et al., 2002; Zhou et al., 2010) , and F1 (F344xBN) rats (van der Loo et al., 2000) . Similar to previous studies, ACh-induced endothelium-dependent relaxation of the thoracic aorta was observed to be affected by aging in the present study. However, age-related vascular dysfunction was also associated with sex (Sarabi et al., 1999; Sader and Celermajer, 2002; Okumura et al., 2011) . Celermajer et al. (1994) and Taddei et al. (1996) reported that agingrelated endothelial dysfunction in males preceded that in females. Aging-induced endothelial dysfunction is closely associated with decreased endothelial NO bioavailability, resulting in impaired vasodilatation (Luscher and Barton, 1997; Fleming and Busse, 1999; Taddei et al., 2001; Smith et al., 2006; Soucy et al., 2006; Donato et al., 2007; Hayashi et al., 2008; Trott et al., 2009) . Several mechanisms such as decreased endothelial NO synthase (eNOS) activity and an increase in ROS generation are involved in reduced NO bioavailability in aging (Chou et al., 1998; Herrera et al., 2010) . Previous studies demonstrated age-related decreased eNOS expression and vascular release of NO (Tschudi et al., 1996; Csiszar et al., 2002) . A different regulation of endothelial function might be one of the main mechanisms underlying the variation in age-associated vascular changes in different sexes (Sader and Celermajer, 2002 ). In the current study, aging-dependent alterations of endothelium-dependent dilatations were significantly different in the female and male rats. However, sodium nitroprusside-induced endothelium-independent relaxation of the thoracic aorta was determined to be similar in the different sex and age groups of the rats. These findings suggest that aging-induced alterations in the endothelial function do not show the same pattern in females and males. It may be argued that NO production capacity of vascular endothelium could be altered by aging in a sex-dependent manner. Lifelong monitoring of endothelial function is important in respect of predicting cardiovascular diseases and for the development of age-and sexdependent therapeutic strategies. Aging also causes changes in the structure and function of vascular smooth muscle (Yildiz, 2007) . It has been shown that aging and sex have an effect on the contraction of vessels induced by calcium entry, stretching, and electrical field stimulation (Sullivan and Davison, 2001; Blough et al., 2007; Yang et al., 2015) . KCl-mediated coronary vascular resistance was observed to be higher in adult (12-18 months old) male rats than in young (3-4 months old) and immature (1-2 months old) rats (Hinschen et al., 2001 ). Sullivan and Davison (2001) reported no significant differences in KCl-mediated contraction between young (3 months old) and old (26 months old) female rat groups. The calcium balance in vasoconstriction responses is known to alter with age (Yang et al., 2015) . KCl-induced contraction of vascular smooth muscle is dependent on the activation of voltage-dependent Ca 2+ channels, which leads to increases in cytosolic free Ca 2+ concentration (Ratz et al., 2005) . Fukuda et al. (2014) reported reduced expression of voltage-dependent Ca 2+ channels in the aorta in 40-week-old male Wistar-Kyoto rats when compared to 8-week-old rats. On the other hand, similar to the current results, it was reported that high KCl-induced contraction and Ca 2+ influx was lower in 12-week-old female rats than in male rats (Crews and Khalil, 1999) . All these results of the previous studies suggest that age and sex can induce changes in the vascular wall, which may result in different passive/active contractile forces in blood vessels. In this regard, the ability of aortic rings to undergo depolarization-induced contraction with KCl was evaluated, without any agonist stimulation. The results of the current study were consistent with those of previous studies. In the present study, an age-dependent increase in KCl-stimulated contraction was observed in the male rats but not in the female rats. These results demonstrated that agonist-independent contraction of blood vessels may alter depending on age and sex. Age-and sex-related alterations of KCl-induced contraction of the vessel may be due to the differentiation of Ca 2+ influx into smooth muscle cells. Aging-dependent endothelial dysfunction has been associated with decreased endothelial NO bioavailability, which is a result of reduced endothelial NO synthase (eNOS) activity and increased ROS generation (Chou et al., 1998; Herrera et al., 2010) . Age-related decreased eNOS expression and endothelial NO release (Tschudi et al., 1996; Csiszar et al., 2002 ) and a significant decrease in serum level and urinary excretion of the NO metabolites nitrate and nitrite (Reckelhoff et al., 1994) have been reported in previous studies. Consistent with those results, the lowest plasma NO levels were in the 12-month-old male and female rats in the present study. The current study firstly determined the lifelong and sex-dependent alterations of plasma NO levels in the rats. In addition, these results are the first to demonstrate a correlation of age-related decrease in plasma NO level with reduced endothelium-dependent relaxations of vessel in both sexes.
ADMA is an endogenous inhibitor of NOS enzyme and represents an established marker of cardiovascular risk (Sibal et al., 2010) . It has been reported that plasma concentrations of ADMA increase in both male and female elderly individuals (Kielstein et al., 2003; Marliss et al., 2006) . In another study, it was observed that serum ADMA levels in 20-month-old male Sprague Dawley rats were higher than those in the 6-month-old group (Xiong et al., 2001) . Lifelong variations in plasma ADMA levels between female and male rats have been observed for the first time in the current study. The results of the present study showed that plasma ADMA levels represented different patterns with age that were a down-up alteration in females and an up-down alteration in male rats. Based on these findings, it can be considered that ADMA levels represent diversity in sex, which may be involved in different age-related vascular modifications in female and male rats.
Increased oxidative stress is an important mechanism underlying the normal aging process (El Assar et al., 2013) . Numerous studies have reported oxidative stress induced by elevated ROS and impaired NO bioavailability with aging (Hamilton et al., 2001; Taddei et al., 2001; Eskurza et al., 2004; Marmol et al., 2007; Ungvari et al., 2011) . It has been detected that aortic oxidative stress is increased in old male but not in old female mice (Takenouchi et al., 2009) . While some studies demonstrated that the total antioxidant capacity of plasma decreased (Sivonova et al., 2007) , others found it to be unchanged in rats (Nakamura and Omaye, 2004 ). In the current study, plasma TAC levels displayed biphasic alterations, increasing in the early stage of aging in female rats but decreasing in adult and middleaged male rats. TAC is used as a marker of oxidative stress and these results demonstrated that antioxidant status changes throughout life and shows a difference between females and males.
H 2 S is a newly reported gasotransmitter, a potent inhibitor of superoxide formation in endothelial cells (Muzaffar et al., 2008) , and a strong scavenger of oxygenderived free radicals (Geng et al., 2004) . It has been thought that the beneficial effects of H 2 S may be mediated through its antioxidant effects (Suo et al., 2013) . Studies on C. elegans have shown that H 2 S is an endogenous regulator of oxidative damage, metabolism, and aging (Qabazard et al., 2014) and exogenous H 2 S prolongs the lifespan (Miller and Roth, 2007) . In a study of healthy subjects of different ages, no difference was found in serum H 2 S level (Chen et al., 2005) . However, it is still unclear what role H 2 S plays in the aging process. In the present study, the plasma level of H 2 S in the female rats displayed biphasic alterations, increasing in the early stage of aging and then decreasing. In the male rats, H 2 S levels increased in an age-dependent manner. These results are the first to have been obtained demonstrating that blood H 2 S levels may be involved in the aging process and show a sex difference in rats.
A correlation between biomarkers related to endothelial function was previously reported. It has been suggested that H 2 S and NO are required in endothelium-dependent vasorelaxation in isolated aortic ring (Coletta et al., 2012) . In human endothelial cells and smooth muscle cells from rat aorta, H 2 S limited the formation of NO (Kloesch et al., 2016) . Accordingly, in the present study a negative correlation between the NO and H 2 S groups was observed in the male group.
In the current study, although a positive correlation between TAC and H 2 S was observed, there were negative correlations between the ADMA and TAC groups and between the ADMA and H 2 S groups in female rats. On the other hand, a positive correlation between the NO and TAC groups was calculated in the male group. It was observed that oxidative stress marker TAC was higher when the levels of H 2 S and NO were increased. These results suggested that interaction of the plasma biomarker may vary in a sex-dependent manner in rats.
Epigenetics is the term used for chromatin-based pathways that can change gene expression without an alteration in the underlying base sequence of the DNA and includes three mechanisms: DNA methylation, histone posttranslational modifications, and RNA-based mechanisms (Matouk and Marsden, 2008) . Several recent studies have reported that epigenetic changes play an important role in some cardiovascular pathologies (Han et al., 2015) and regulation of the aging process (Brunet and Berger, 2014) . Histone methylation is one of the epigenetic modifications that occurs as a hallmark of aging (McCauley and Dang, 2014; Kawamura et al., 2015) . Age-related changes in histone methylation were reported in Drosophila (Wood et al., 2010) , mouse brain (Wang et al., 2010) , and rat kidney and liver (Sarg et al., 2002 ). In the current study, expressions of H3K27me2, H3K27me3, H3K36me2, and H3K36me3 were observed to be higher in the thoracic aorta isolated from the 12-month-old female rats compared to those in the younger age groups while no difference was observed in those in the male rats. H3K36 methylation is associated with transcriptional activation while H3K27 methylation is correlated with gene repression (Matouk and Marsden, 2008) . These findings suggest that histone methylation may represent sex diversity. The different histone methylation may lead to alteration in gene activation and repression. These changes in the histone methylation state may be involved in the difference of age-associated regulation of the cardiovascular system in male and female rats.
Significant sex differences in aging as a cardiovascular risk factor have been defined worldwide. Premenopausal females are known to be at a lower risk of cardiovascular morbidity and mortality than males. Menopause and consequent estrogen deficiency is associated with endothelial dysfunction and as a result, the cardiovascular risk in females is increased (Virdis and Taddei, 2010) . It has been suggested that blood pressure and sympathetic activity are lower in younger females than those in younger males (Joyner et al., 2015) . In addition, alterations in blood pressure and vascular resistance regulation between males and females were also reported (Barnes et al., 2014) . The present study demonstrated a sex-dependent variation in rat vascular properties that influenced vascular tonus.
Age-and sex-dependent changes in vascular function and the underlying mechanisms need to be analyzed more extensively before any safe conclusions can be reached. The results of the current study are the first to indicate a lifelong alteration of vascular responsiveness and plasma biomarkers related to endothelial function and epigenetic modification of vessels in both sexes of rat. The present study emphasizes that aging-related variations in the functions of vessels and biomarkers were different in the female and male rats. These findings may have important implications for the assessment of diagnostic, preventive, and therapeutic approaches to aging and age-related diseases in different sexes.
